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ABSTRACT 


White etching cracks (WECs) have been identified as a main failure mode of wind turbine gearbox 
bearings (WTGBs). This study reports an investigation of the destructive sectioning of a failed low speed 
planetary stage WTGB and the damage found at manganese sulphide (MnS) inclusions. The bearing inner 
raceway was sectioned through its circumferential and axial directions in order to compare the damage 
around inclusions in different directions. 112 damage initiating inclusions were catalogued and their 
properties were investigated. 

WECs were found attached to MnS inclusions of lengths 3-45 um at depths of up to 630 um from the 
bearing raceway surface and at a wide range of angles of orientation. Damage at MnS inclusions included 
internal cracking of the inclusions, separation from the surrounding steel matrix, crack initiation and 
WEC initiation. Evidence has been found to support the theory that WECs are subsurface-initiated by 
Mns inclusions, but that butterfly cracks with wings propagating at 30-50° from parallel to the raceway 
surface are not necessarily the same features as MnS inclusion-initiated WECs. Shorter inclusions were 
found to initiate longer WECs, as were the inclusions that were closer to parallel to the raceway surface in 
axially sectioned samples. 


© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 


(http://creativecommons.org/licenses/by/4.0/). 


1. Introduction 


The wind industry faces tough challenges to reduce the cost of 
wind energy; particularly its high operating cost. The European 
Wind Energy Agency has a planned target of 230 GW of installed 
wind power capacity by 2020, representing 20% of the total Eur- 
opean Union (EU) electricity consumption |1]. This expansion is 
being limited by a number of maintenance issues, most critically 
concerning wind turbine gearboxes (WTGs) which are not reach- 
ing their anticipated lifespan of 20 years. It is estimated in the 
United Kingdom that operation and maintenance accounts for 20% 
of the cost of offshore wind energy [2]. 

A majority of WTG failures initiate in the wind turbine gearbox 
bearings (WTGBs) [3], and the exact modes of their failure have 
been intensively researched and widely investigated by industry. 
White etching cracks (WEC) have been found to lead to premature 
failure by white structure flaking (WSF) [4], or axial cracking [5]. 
Previous work has identified material defects, particularly 
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manganese sulphide (MnS) inclusions as WEC initiators, in both 
actual WTGBs obtained from the field and WTGBs after rolling 
contact fatigue (RCF) testing on large scale test rigs [6-9]. This 
study will investigate damage initiation at manganese sulphide 
(MnS) inclusions, by destructively sectioning the inner raceway of 
a failed planetary stage WTGB. Damaged inclusions were catalo- 
gued and their properties were recorded. The objective was to 
investigate different types of damage caused at the inclusions and 
to find any links between their properties and possible connec- 
tions to operating conditions. 


1.1. MnS inclusions in bearing steel 


Mns inclusions have been classified into three types since 1938 
[10]. Type I inclusions are globular in shape and appear in steels 
with practically no aluminium content. Type II are dendritic chain 
formations on grain boundaries and appear with the first traces of 
aluminium (0.005 wt%). Type III are strings of broken silicates and 
initially appear alongside Type II at levels of 0.01-0.03 wt% alu- 
minium. At levels greater than 0.04 wt%, Type III is the only MnS 
inclusion to appear [10]. Since typical bearing steel, such as 100Cr6 
or 100CrMo7, has a very low aluminium content |11], globular 
Type I Mns inclusions are most commonly found. MnS inclusions 
in hot-rolled steels of irregular shape and which are elongated and 
flattened in the direction of plastic deformation [12] during the 
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metal forming process are randomly distributed. Therefore their 
orientation may vary from bearing to bearing due to differences in 
the metal forming process. Inclusions have been observed to have 
been elongated to different extents in bearing steel and can be 
defined by their aspect ratio (length/width) when viewed two- 
dimensionally. Those inclusions with an aspect ratio of less than 
three are described as globular and those with larger aspect ratios 
as long and thin [6]. 


1.2. White etching cracks 


Currently, WTGB failure via white etching cracking is not fully 
understood, despite intense research effort [5,6,9,13-20]; there- 
fore bearing life prediction models have yet to be developed to 
include this failure mode in the selection of bearings [4,5,16,19]. 
WECs are physical cracks in the material subsurface decorated by 
white etching areas (WEAs) and appear white after etching in nital 
(nitric acid/methanol) solution due to microstructural change that 
causes the material to be resistant to the etching process [6]. WEAs 
have been found to be areas of ultrafine nano-recrystallised car- 
bide-free body-centred cubic (BCC) ferrite microstructure 
[4,18,21]; the WEA microstructure has no, or very few remaining 
carbides and is supersaturated with dissolved carbon, which 
makes the material brittle and harder (about 30-50%) than the 
steel matrix [4,18,22]. Cyclic Hertzian stresses caused by rolling 
contact at and close to the surface promote the ‘glide’ of subsur- 
face dislocations, which repeatedly interact with retained temper 
carbides, leading to their dissolution [4,23]. One theory is that 
when the accumulation of dislocations reaches a critical density; a 
dislocation cell-like structure forms to release the strain energy 
[13], possibly explaining why obstacles to dislocation glide, such as 
inclusions, voids or large carbides have been found to be areas at 
which WEAs form [21]. This theory is contradicted by findings in 
[18,24], which suggest that WEAs are formed at “butterfly cracks” 
by an evolving microstructural change leading to the nanocrys- 
talline structure by material transfer and “rubbing” between 
inclusions and the steel matrix. 

WECs have been observed to form (not necessarily exclusively) 
from “butterfly cracks”, named such due to their two-dimensional 
appearance. Despite considerable evidence [6,7,9,15,18,23-26], 
there has been, as yet, no method devised to prove absolutely that 
butterflies are indeed the point of damage initiation. Butterflies 
have been reported to initiate most commonly at inclusions [7,27], 
but voids and carbides may also be candidates for butterfly 
initiation [4,5] while other studies have found that voids are most 
likely to initiate butterflies [28,29]. Impurities may be initiation 
points due to local Hertzian stress concentration, residual stress 
from heat treatment, the creation of free surfaces during 
quenching, and/or dislocation accumulation [7]. WEAs form adja- 
cent to microcracks, or possibly form first and promote microcrack 
growth. WEAs initiate and propagate between 30-50° and 130- 
150° from the over-rolling direction, giving the appearance of 
“butterfly wings”, which may be due to the position of maximum 
Hertzian unidirectional shear stress [4]. Similar cracks may form in 
the direction opposite to over-rolling if the rolling direction is 
reversed [30], or sometimes without this reversal (although the 
symmetric cracks are smaller than the two formed in the over- 
rolling direction) [7]. 

WECs may form irregular crack networks that possibly follow 
pre-austenite grain boundaries, or may propagate radially from 
straight-growing cracks [5]. It is claimed by Errichello et al. that 
through-hardened bearings fail by the axial crack method, 
whereas carburised bearings with less than 20% retained austenite 
fail by WSF, based on a comparative metallurgical study of both 
bearing types [5]. If a network of WECs beneath the contact sur- 
face weakens the near-surface material sufficiently, WSF may 


occur causing material to flake away from the surface, leading to 
eventual failure possibly within 1-20% of the Lio design life [31- 
34] predicted by current bearing design standards [35]. 


1.3. Hertzian stress in RCF line contacts 


Using Hertzian line contact theory, it is possible to calculate the 
approximate depth of maximum unidirectional shear stress Tmax, 
orthogonal shear stress 79, max, and equivalent (von Mises) stress oy. 
Although this method must be used with some caution, since the 
contact between rolling element and raceway is neither static nor 
smooth and is separated by a lubricant film, it is common practise 
to approximate contact pressures in rolling element bearings using 
the Hertzian theory [36]. Since in most bearings, both the roller 
and inner raceway are made from the same material, the standard 
equation used to calculate the Hertzian contact pressure can be 
simplified to 


Po=0. 418 hee 
RL (1) 


where 
i ii 
Ron R (2) 


n and ņ are the radii of the contacting inner raceway and 
rolling element respectively, W is the contact load (N), L is the 
width of the raceway, v and E are Poisson's ratio (0.3) and Young's 
modulus (210 GPa) of the steel respectively [7]. The width of the 
contact rectangle, 2b, is calculated from the contact half-width b, 
using Eq. (3). 


= ALE (3) 


The position of tmax for line contacts is at 0.78b, to,max, at 0.5b 
and for oy, at around 0.7b. For elliptical contacts between a sphe- 
rical roller and cylindrical raceway, shear stress maximum depths 
are as follows: Tmax at 0.484, To,max at 0.25a, where a is the radius of 
the semimajor axis [7,9,37-39]. 

Grabulov used a RCF loading test rig to apply a contact pressure 
of 2.6 GPa for 13x 10° cycles to test specimens with artificial 
aluminate (Al203) inclusions, finding that there were three distinct 
butterfly development zones dependant on depth from the contact 
surface. At depths of up to 150 um, fully developed butterflies 
were found, between 150 and 800 um, early stages of the butterfly 
development process had taken place, and at depths deeper than 
800 um, no butterflies were found. For the tested conditions, 79, max 
occurred at a depth of 63 um and Tmax occurred at ~120 um 
(approximate value calculated from position of to,max) [39], both 
values were well within the zone of fully developed butterfly 
formation. Tmax, To,max OF a combination of both, may be critical in 
the formation of WECs. 


1.4. MnS inclusions as crack initiation sites 


All inclusions may act as crack initiation sites under high 
enough contact stress [7], however MnS inclusions have been 
found to be the most likely to interact with WECs in WTGB steel 
[6,8,25-27]. Shorter inclusions have been found to be more likely 
to initiate damage than longer inclusions, with the ideal length for 
crack propagation found to be smaller than 20 um [6,25]. During 
quenching, the larger thermal contraction rates of the MnS 
inclusion than the bulk material, may lead to the detachment of 
the inclusion from the surrounding bulk material, thereby creating 
a free surface at the subsurface inclusion [7]. The weak bond 
between MnS inclusions and the matrix may contribute to the 
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creation of voids [40] and therefore free surfaces. These free sur- 
faces are potential sites for inclusion separation from the bulk 
material and for rolling contact fatigue initiated cracking [7]. MnS 
inclusions that contain oxide parts (for example Al,03) have been 
found to be more damaging than those which do not contain it 
because if in contact with the matrix, the oxide part may induce 
cracking initiating tensile residual stresses [25,27]. Crack orienta- 
tion has been found to be dependent on the plane of sectioning of 
a bearing; in the circumferential direction, WECs appear highly 
radially branched, whereas in the axial direction, WECs often tend 
to appear more parallel to the raceway axis with less radial crack 
branching [6]. 

Although free surfaces around a MnS inclusion may be poten- 
tial crack initiation sites, it is not necessary for a MnS inclusion to 
initiate a crack due to the poor bond with the bulk material. A thin, 
flattened MnS inclusion may itself act as a virtual crack [41] that 
may propagate into an actual crack. In rail steel, MnS inclusions 
can become significant crack initiators [42]. It was found that near 
to the rail surface, all MnS inclusions were deformed first in the 
strain direction, moved to the shear direction caused by over- 
rolling, and then flattened as they reached the wear surface. Wear 
tests on four rail steel types confirmed that almost all deformed 
Mns inclusions near to the wear surface were associated with 
cracks [41]. Cracks can be initiated along the highly strain flattened 
Mns inclusions [43] for a number of reasons: micro-cracks may be 
initiated at localised bands of deformation in the vicinity of the 
inclusions [44]; free surfaces may be created in the middle of 
elongated inclusions due to interfacial debonding and void for- 
mation [44]; break up of the inclusions may lead to cracks forming 
within the inclusion [44], which may go on to propagate into the 
bulk material [6]. 

A three-stage process for MnS initiated WEC formation has 
been hypothesised [22] and is illustrated in Fig. 1, using evidence 
found in this study. Firstly, the inclusion may fracture along the 
length of its major axis, as shown in Fig. 1a. Separation of the 
inclusion from the bulk material may or may not occur. Secondly 
the crack may propagate into the bulk material surrounding the 
inclusion, as shown in Fig. 1b,c. Finally, white etching areas (WEAs) 
may develop along the cracks, shown in Fig. 1d. The evidence from 
this study was collected at the same time after the WTGB failure 
thus the order of these events is not certain and the illustrated 
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process is hypothesised and not confirmed. In this study, WEAs 
have been found adjacent to separated regions that do not appear 
to be linked to cracks propagating through the steel matrix, 
although cracks may exist off the plane of sectioning. It is likely 
that the WEAs and WECs next to inclusions are different stages of 
the same process and so this assumption is made throughout this 
study. 

For a “butterfly” to exist at a MnS inclusion, it was found that 
the inclusion was always cracked in the direction of the major axis 
[38] and that the inclusions themselves were initiators of cracks/ 
butterflies that propagated to form WECs [6]. Crack initiation at 
Mns inclusions and the growth of short cracks attached to the 
inclusions may be explained by Mode I fracture (loading is normal 
to crack growth direction). Further growth of the cracks is gov- 
erned by Mode II/II fracture (loading is in-plane shear/off-plane 
shear) [6,45]. 

While it is clear from the literature reviewed that MnS inclu- 
sions are WEC initiators, it has been found in this study that it is 
not necessarily the case that they must be cracked along their 
major axis in order to do so. WEAs may also form at cracks or free 
surfaces caused by other factors discussed in the above sections. 
This is investigated in detail in Section 4. 


2. Destructive investigation of a failed planetary bearing 


A failed bearing from the low speed planetary stage of an 
onshore wind turbine that was operated in the EU was destruc- 
tively investigated in order to examine subsurface material 
damage. The wind turbine gearbox had been operating without 
major incident for five years. A routine oil analysis was carried out 
10 days prior to failure, the subsequent report concluding that 
wear levels were satisfactory and the routine sampling interval 
should be maintained. The turbine was taken out of service 10 
days later when the supervisory control and data acquisition 
(SCADA) control system received the low gear oil pressure alarm. 
After inspection, it was found that the bearing presented in this 
study, together with other planetary bearings, had catastrophically 
failed. The operating conditions for this bearing are summarised in 
Table 1. 


| =, 
Crack propagates into bulk material 
20 um 


WEA develops adjacent to:cracks 
; forming WECs 


Fig. 1. WEC initiation at MnS inclusions. 
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Approximate depths of maximum Hertzian stress concentra- 
tion have been calculated using Eqs. (1)-(3) followed by the 
approximations listed in Section 1.3 and results are presented in 
Table 1 based on the bearing dimensions and the recommended 
maximum contact pressure for planetary WTGBs (1500 MPa) lis- 
ted in the wind turbine design standard IEC 61400-4 [46], as 
confirmed in [47]. 


2.1. Observation of surface damage 


Wear was evident for approximately 55% of the inner raceway 
circumference, but within this region the coverage and type of 
damage changed. Outside this region there was little to no evi- 
dence of wear. The transition from damaged zone to non-damaged 
zone was immediate and distinct, at a line that is likely to have 
been positioned at the entry to the loaded zone of the bearing 
raceway. The variation in damage has been described by three 
distinct zones as illustrated in Fig. 2. 


- Zone 1: Non-damaged zone. Over the remaining 45% of the 
raceway circumference there was very little evidence of 
damage detectable by eye. 

- Zone 2: There was a transition to the area of damage coverage. 
Damage was mainly evident on one side of the raceway 
towards the non-flanged side of the raceway. The wear damage 
was intermittent but well defined at a width of around 20 mm 
for approximately 35% of the raceway circumference. Within 
the main 20 mm band of damage there was severe macropit- 
ting. There were also smaller wear scars outside of this band 
around the centre of the raceway. 

- Zone 3: Damage covered most of the raceway width for 
approximately 20% of the circumference. There was severe 
macropitting with evidence of material removal from the 
surface. 


Table 1 
Operating conditions of failed bearing. 


Motion 


Nominally rolling contact. 

- Inner ring stationary with rotational motion of outer 
ring and cylindrical rollers. 

— Rotational speed of outer ring: 38 rpm. 

- Sliding of rolling elements in unloaded zone possible. 


Loading — Repeated loading of same inner raceway arc. 

Torque reversals and impact loads known to occur. 
Misalignment possible. 

Bearing contact pressures expected to be approximately 
1500 MPa during normal operation [46,47] but may 
exceed 1700 MPa during WT shutdown [47]. 


Maximum stress — tmax depth: 233 pm 
depths to,max depth: 150 pm 
— oy depth: 209 um 


Severe 
macropitting 


Clear transition to 
damaged region 


a 


20 mm wide damage band 


From the initial observation of the bearing, it seems clear that 
the failure occurred at some point in the inner raceway, as the 
outer raceway was relatively undamaged. The inner raceway was 
therefore selected for investigation. A total of 40 specimens from 
the three zones were sectioned, compression mounted in a ther- 
moset resin, ground, polished and etched in 2% nital in methanol 
solution before observation took place. 


2.2. Observation of microstructure 


Typical bearing steel is produced by rapid quenching from 
above the eutectoid temperature, before tempering at around 
160 °C, creating a microstructure containing martensite, about 6% 
volume of retained austenite and 3-4% of cementite particles [7]. 
From analysing several SEM images such as in Fig. 3 it has been 
observed that the microstructure is interspersed with spheroidal 
iron-chromium (M3C) carbides (cementite), identified as such by 
their high levels of carbon (C) and chromium (Cr) in Energy Dis- 
persive X-ray Analysis (EDAX) tests. The average chemical com- 
position from a sample of five cementite M3C carbides with similar 
appearance to those in Fig. 3 was C 18.1 wt%, Cr 5.3 wt%, and Fe 
73.3 wt%. MnS inclusions were present throughout the micro- 
structure and their chemical composition was confirmed using 
EDAX, an example of which is shown in Fig. 4. 


3. Key features of found damage 


As previously mentioned, the processes used during the man- 
ufacture of bearing raceways, determine the orientation of the 
Mns inclusions in the steel matrix. In this bearing, inclusions were 
orientated with their major axis close to parallel with the bearing 
surface when viewed in an axial cross section as shown in Fig. 5a. 
They were also elongated to a lesser extent when observed in 
circumferential sections and were generally angled at approxi- 
mately 30° from the surface tangent as shown in Fig. 5b. MnS 
inclusions were consistently orientated in this manner, regardless 
of their location in the bearing raceway. As a result, it was 


SAN M,C Pie 
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SEI 15.0kV >» Tum WD 19.2mm 


Fig. 3. Bearing steel microstucture highlighting spheroidal iron-chromium (M3C) 
carbides. 


Fig. 2. Photographs of raceway damage (a) Zone 3, (b) Zone 2 and (c) Zone 1. 
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Fig. 4. EDAX spectrum showing chemical composition of MnS inclusion. 


a 
20 um 


(03 
Axially 
sectioned 
sample 


Observed 
faces 


Circum. 
sectioned 
sample 


Fig. 5. Inclusion orientation in inner raceway (a) typical MnS inclusion viewed axially, (b) typical MnS inclusion viewed circumferentially and (c) specimen orientation (not 


to scale). 


necessary to prepare specimens sectioned both axially and cir- 
cumferentially, in order to determine whether cracks form pre- 
ferentially in either direction. A summary of the specimens 
investigated and the damage found at each location is provided in 
Table 2. 112 damage initiating inclusions were found during sec- 
tioning and their properties catalogued will be described in Sec- 
tion 4. Inclusion initiated damage included four possible forms: 
separation of the inclusion from the matrix, internal cracking of 
the inclusion, crack initiation and propagation from inclusion tip, 
and WFA formation adjacent to a separated region or a crack (the 
latter forming a WEC). 


3.1. Illustration of undamaged inclusions 


Ten MnS inclusions at depths of greater than 5 mm from the 
contact surface (assumed to be deep enough to be unaffected by 
the Hertzian stress field) were identified using electron micro- 
scopy. These inclusions were found at random within the heavily 
damaged region, the first 10 being those that were encountered. It 
was important to do this in order to make distinctions between 
the damaged inclusions and undamaged inclusions and to ensure 
that none of the damage was caused by the sectioning process. 


Observing the inclusions in Fig. 6 confirms that almost no damage 
was caused to these deep inclusions, although some black marks 
are present at the boundary between steel matrix and inclusion. 
These marks could be small voids caused by separation of the MnS 
inclusion from the steel matrix during quenching. 


3.2. Distinction of “butterfly” and WEC initiating inclusions 


It has become apparent that there has been some confusion 
over the definition of the term “butterfly” in the literature. The 
term has been used by many to describe both two and four winged 
features with cracks propagating at 30-50° and 130-150° (close to 
the angle of maximum unidirectional shear stress) from a central 
initiating point, usually a void or defect [4,7]. It has also been used 
to describe short WECs initiated at much shallower or even hor- 
izontal angles which, in the opinion of the authors, do not have the 
same feature. For the remainder of this paper, the term butterfly 
crack will be used to identify a feature with “wings” propagating at 
the angles mentioned above and the term “WEC initiating inclu- 
sion”, to describe an inclusion with WECs propagating at shallower 
angles. 
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Table 2 
Summary of sectioned specimens and damage found. 


Section details 


Section 1a - circumferential section. Zone 3 damaged region 1-6 

Section 3b - axial section. Zone 3 damaged region 6-12 
Section 2a - circumferential section. Zone 1/Zone 2 boundary 13-18 
Section 2b - axial section. Zone 1/Zone 2 boundary 19-24 
Section 3a - circumferential section. Zone 2 damaged region 25-30 
Section 3b - axial section. Zone 2 damaged region 31-36 
Section 4a - circumferential section. Zone 1 non-damaged 37-40 


region 


169 


Sample nos. Observations/features 


WEC interacting inclusions 

Crack initiating inclusions 
Separation of matrix from inclusions 
Butterfly cracks in near surface zone 


WEC interacting inclusions 

Crack initiating inclusions 

Separation of matrix from inclusions 

Butterfly cracks in near surface zone 

Significant axial cracking parallel to the raceway (with no attached WEA) 
Substantial WEC orientated normal to the raceway surface 

Surface initiated cracks by RCF 


WEC interacting inclusions 

Crack initiating inclusions 

Separation of matrix from inclusions 

Small butterfly initiated WECs 

Large butterfly crack and MnS inclusion interacting WEAs, with WEC propagating to 
surface 

Surface initiated cracks by RCF 

Plastically deformed region 


No evidence of damage 


Fig. 6. Examples of undamaged inclusions at depths of greater than 5 mm from the raceway surface (specimen 31). 


Fig. 7a presents an example of a series of a large butterfly and 
connected WECs that propagate to the raceway surface. Highly 
magnified SEM images of the main butterfly feature are presented 
showing the severe elongation of M3C carbides in the vicinity of 
the WEA. Since there was no obvious inclusion initiating any of the 
WEC features observed in Fig. 7a, approximately 20 um was 
ground from the specimen surface before it was polished and 
etched for observation again. Fig. 7b shows two MnS inclusions 
that interact with this WEC network, confirming that damage may 
spread between MnS inclusions and offering evidence that the 
crack network may have been initiated by MnS inclusions. Fig. 7 is 
believed to show a late-stage WEC network that may have con- 
tributed to the bearing failure; this section will now look in detail 
at earlier stages of damage, specifically initiating at MnS inclusion. 

Of the 112 catalogued inclusions, 89 inclusions (79.5%) were 
connected to WECs that appeared to have propagated from the 
inclusion tips. Each of these 89 inclusions had either one or two 
WECs that tended to propagate at much shallower angles than 
traditional “butterfly wings” the vast majority at less than 30° 
from horizontal (discussed further in Section 4). It is suggested 


that these Mns inclusion initiated WECs may not be caused by a 
concentration of unidirectional shear stress as “butterfly wings” 
are thought to be [4,6-9,38], but are initiated due to mode I 
loading of the inclusion tips at locations near to the maximum 
equivalent stress, which would explain their near parallel-to-sur- 
face propagation. Examples of these inclusion-initiated WECs are 
shown in Fig. 8a-w, which were taken from circumferentially 
sectioned specimens. Fig. 8a,b is SEM images thus it cannot be 
proved from the images that the highlighted WEA regions are 
indeed white in colour. It seems however, that by the given evi- 
dence presented in Fig. 8c-w, it can be ascertained that these 
regions are WEAs. It can be clearly seen that the angle of WEC 
propagation in all example images (with the possible exception of 
Fig. 8l and q) is lower than the angle of butterfly wing propagation 
presented in Fig. 7. This finding is in line with the findings pre- 
sented in [48], which states that the most common angle of WEC 
propagation in bearing steel is between — 10° and +20° from the 
horizontal, where the sign indicates an angle below or above the 
horizontal. 
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Fig. 7. Series of butterflies and connected WECs in circumferential section (a) first section observed and (b) second section observed approximately 20 um below the first 
section. 
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MnS 
inclusion 


Fig. 8. Examples of WEC initiating MnS inclusions (circumferentially sectioned specimens). 


3.3. Subsurface inclusion-initiated WECs 


There is debate regarding the location of WEC initiation; 
broadly there are two arguments: 


1. WECs initiate subsurface and propagate up to the surface, 
leading to failure, either by WSF or axial cracking [4,6,7,16- 
18,20,31,49]. 

2. WECs initiate on the surface and propagate downwards [22], 
meaning that they are a result of surface failure rather than its 


cause. 


Argument 1 and argument 2 are not necessarily mutually 
exclusive; however, evidence found in this study certainly suggests 
that argument 1 is correct and that WECs may initiate subsurface, 
most commonly at MnS inclusions. The evidence presented in 
Fig. 8 supports argument 1 and Fig. 9 presents further evidence 
that cracks and WECs are initiated at MnS inclusions. Fig. 7 shows 
that MnS inclusions and butterflies interact with WECs, which 
supports argument 1, although does not offer proof that the 
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Fig. 9. Evidence supporting crack and WEC initiation at MnS inclusions. 


damage was initiated from the butterfly or from the inclusions. 
Fig. 9a shows three nearby inclusions, which have each indepen- 
dently initiated cracking. They are not part of an extended crack 
network and no other cracks are visible on this plane, therefore 
crack initiation must have begun at the inclusions. Fig. 9b shows a 
typical WEA, initiated at an inclusion, around 150 um below the 
raceway surface. Again the feature does not appear to be linked to 
any extended crack network. Since all 112 catalogued damage 
initiating inclusions did not appear to be part of a larger crack 
network, the evidence that the damage was initiated at the 
inclusions is conclusive. Fig. 9c (SEM) and Fig. 9d-k (optical) show 
typical separation and cracks formed at the ends of damaged 
inclusions. The SEM image shows an EDAX reading of a darker part 
of the inclusion near to the cracks, revealing it to be an area of 
Al203 oxide, which may have influenced WEC initiation. Studies 
have found that MnS inclusions containing oxide parts are more 
damaging than those that do not contain the oxide parts [25,27], 


however no evidence suggesting that oxide parts are required for 
WECs initiation was found in this study. Every WEC found in this 
study appeared to have initiated at the inclusion tips (the lowest 
radius of curvature), coinciding with the location of maximum 
stress concentration around the inclusion [50-52]. 

It could be the case that WECs remain close to the initiating 
inclusion and never propagate to significant distances through the 
material. Fig. 7b however, provides evidence that WECs may 
propagate between MnS inclusions and affect greater areas, 
although it cannot be considered conclusive because the WEC may 
have approached the vicinity of the highlighted inclusions ran- 
domly. It should also be noted that it is possible that any separa- 
tion around inclusions shown in Figs. 7-11 may have been exag- 
gerated in some images due to the etching process; since etchant 
may not be washed out completely from the small voids/separated 
regions between inclusion and matrix, causing acid damage. 
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Fig. 10. Crack “deflection” by MnS inclusion. 


It has been reported [53] that MnS inclusions themselves may 
act as “virtual cracks”, which may propagate actual cracks due to 
their low strength. An example of a MnS inclusion acting as a 
virtual crack is presented in Fig. 10, where the inclusion that is 
intersected by a large crack network (assumed to be surface 
initiated with no apparent attached WEA), diverts a crack by a 
distance of approximately 10 um. This was a rare occurrence based 
on the observations in this study, since this was the only example 
of such an interaction. However, the finding supports the theory 
that cracks preferentially propagate along MnS inclusions, rather 
than the surrounding matrix and shows that they are a “weak 
spot” within the steel microstructure. 


3.4. Damage initiation and propagation at MnS inclusions 


The observed damage at MnS inclusions found during sectioning 
is summarised in detail in Fig. 11. Inclusions are initially undamaged 
and well-bonded to the matrix (stage 0). The first sign of damage 
may be internal cracking of the inclusion (stage 1a) and/or separation 
of the inclusion from the steel matrix (stage 1b). Cracking may be 
initiated into the steel matrix due to Mode I loading [6,45] (stage 2), 
possibly from propagation of the stage 1a internal crack, from stage 
1b type separation, or from the inclusion tip that may act as a stress 
concentration point. WEAs then form at stage 1b separation (stage 
3a) or, at stage 2 type propagated cracks due to Mode I/II loading 
[6,45] (stage 3b). Further propagation of cracks and sometimes, of 
their attached WEAs may then take place (stage 4), leading to the 
propagation of WECs, far away from the MnS inclusions. The like- 
lihood of each damage type occurring and the possible relationships 
between each are investigated in Section 4. 


4. Analysis of inclusion properties 


112 damage initiating inclusions from circumferentially and 
axially sectioned samples were identified and catalogued. The 
following data was recorded, with the aim of finding trends 
between the different properties. This section discusses links 
between the following inclusion properties and damage types 
found: 


- Depth of inclusion from surface. 

- Angle of inclusion. 

— Whether the inclusion is internally cracked. 

- Whether the inclusion is separated from the surrounding steel 


matrix. 

- Total length of crack initiated from inclusion (left side crack 
length+right side crack length). 

- Total length of WEC initiated from inclusion (left side crack 
length+right side crack length). 


4.1. Relationship between damage types at MnS inclusions 


Fig. 12 shows the relationship between three types or stages of 
damage at MnS inclusions; internal cracking, separation from the 
bulk material and WECs linked to the inclusions. Fig. 12a shows 
that 29% of damaged inclusions were both internally cracked and 
WEC initiating, while, 50% had initiated WECs without being 
internally cracked. This result clearly demonstrates that an inclu- 
sion does not necessarily need to be internally cracked in order to 
initiate a WEC. Similar percentages in Fig. 12b show that separa- 
tion from the bulk material has a similar link to the probability of 
the inclusion interacting with a WEC, with 28% of separated 
inclusions being linked to WECs, and 51% of non-separated being 
also linked. This shows that an inclusion that does not separate 
from the steel matrix is more likely to initiate a WEC than one that 
does, perhaps because some stress is relieved by the separation. 
Fig. 12c appears to show no strong prevalence of damage occurring 
at inclusions that are internally cracked or that are separated from 
the bulk material, or those that are both internally cracked and 
separated. 


4.2. Variation of MnS inclusion initiated damage with depth 


No trends were found when comparing the angle and the size 
of inclusions with their depth from the raceway surface, thus it is 
clear that inclusion distribution is random in the sample bearings 
and that the effects of over-rolling during service have little 
influence on the size and orientation of the inclusions. In addition, 
WECs were found on many of the deepest damaged inclusions, to 
a depth of approximately 600 um from the raceway surface (cor- 
responding to a contact stress of around 2.6 GPa if tmax occurred at 
that depth, possibly suggesting that the bearing may have 
experienced extremely high loading). It was interesting, however, 
that no internally cracked or separated inclusions were found 
deeper than 430 um. In fact the mean depths for inclusions that 
were internally cracked and for those that had separated from the 
surrounded bulk material were just 3 um different (mean values of 
219.5 um and 216.2 um respectively). This suggests that inclusion 
cracking and inclusion separation may be affected by similar 
initiation mechanisms. These results are outlined in Fig. 13. 

The mean depths of damaged inclusions that were cracked, 
separated, or had initiated WECs were all very close to the position 
of calculated values of tmax and oy (from Table 1). This finding is 
similar to that of Grabulov [18] as discussed in Section 1.4. The 
mean values did not correspond as closely to the depth of 70, max, 
which suggests that it may not be as critical as tmax and oy for WEC 
initiation at MnS inclusions. Grabulov found that 79, max was critical 
for butterflies as Al,03 inclusions, again suggesting that these 
features are not the same. Fig. 14 displays the mean and maximum 
crack lengths at inclusions within different ranges of depths in 
(a) circumferentially and (b) axially sectioned specimens. It can be 
seen that the mean value of WEC lengths is relatively constant, 
about 10 um, in the circumferentially sectioned specimens, up to a 
depth of 500 um. While WEC length is greatest between 200 and 
300 um in depth in axially sectioned specimens (with the excep- 
tion of the one inclusion found in the range 400-500 um), which 
are corresponding with the depths of tmax and oy. 
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Fig. 11. Damage initiation and propagation at MnS inclusions. 


b c 
m Not cracked E Neither seperated E Neither cracked 
without WEC nor with WEC nor separated 
m Cracked but E Separated with no E Cracked but not 
without WEC WEC separated 
C] e page E Not separated E Separated but 
ut with NEC with WEC not cracked 
pa with E Separated with E Cracked and 
WEC separated 


Fig. 12. Relationship between damage types: (a) internal cracking and WEC formation, (b) separation from matrix and WEC formation and (c) internal cracking and 
separation from bulk material. 
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4.3. Variation of WEC length with MnS inclusion orientation angle 


No trends were found when WEC lengths were compared to 
inclusion orientation in the circumferential sectioned samples, 
however Fig. 15a shows that mean WEC lengths were generally 
shorter at the extreme ends of the orientation angle range (i.e. 
angles > 10° and < 60°). Fig. 15b shows that the length of cracks 
propagating in the axial direction were generally longer in “flatter” 
axially sectioned inclusions. That is to say, that it appears, that the 
closer the inclusion's major axis is to being parallel with the 
bearing raceway surface, the longer the initiated propagated crack 
is likely to be. The direction of the inclusion orientation from 
parallel (anticlockwise or clockwise) is not considered since the 
stress field is symmetric when viewed on the axial section 
(assuming no misalignment). 
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Fig. 13. Variation of inclusion initiated damage with inclusion depth and depths of 
maximum stresses tmax, 70,max and oy. 
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4.4. Variation of WEC length with MnS inclusion length 


Clear trends were found between the length of WECs propa- 
gating into the bulk material and the length of the initiating MnS 
inclusions. As shown in Fig. 16, crack length tended to be longer at 
smaller inclusions for both axially and circumferentially sectioned 
samples (ignoring the single inclusion found that was less than 
8um in length). A study at the University of Southampton in 
which a WTGB was similarly sectioned found that smaller inclu- 
sions (average length less than 20 pm) were the most likely to 
initiate WECs [6,25], although this contradicts the findings pre- 
sented in [54], which states that coarser inclusion sizes, in general, 
have a larger local stress-concentration factor. The highest mean 
value of WEC lengths for both circumferentially and axially sec- 
tioned specimens was initiated by inclusions of lengths between 
8 and 16 um. The downward trend is clear in both Fig. 16a and b. 
The results in Figs. 14-16 also show that WECs tended to be longer 
in axially sectioned inclusions than circumferentially sectioned 
inclusions, suggesting that WECs preferentially propagate in the 
axial direction, perhaps explaining why through-hardened bear- 
ings have been found to fail via axial cracking [5]. 


5. Conclusions 


By investigating a failed wind turbine gearbox bearing, MnS 
inclusions were found to have initiated significant levels of 
damage to the subsurface of an inner raceway of a planetary 
bearing in a wind turbine gearbox. By observing and cataloguing 
the damage, the following conclusions were drawn up: 


1. In the failed WTGB investigation, WECs were preferentially 
initiated at MnS inclusions ahead of other inclusion types. Four 
main forms of damage were found at MnS inclusions: internal 
cracking, crack propagation into the bulk material without an 
attached WEA, separation from the surrounding material and 
WEC initiation. 

2. The mean depth of Mns inclusions that had initiated WECs in 
the subsurface of the analysed WTGBs interacted very strongly 
with the positions of maximum equivalent stress and max- 
imum unidirectional shear stress. Since the majority of the 89 
WEC initiating MnS inclusions (79.5% of catalogued inclusions) 
had WECs that propagate at shallower angles than traditional 
“butterfly wings”, it is hypothesised that the WECs may have 
been initiated due to stress concentrations at inclusion tips at 
locations near to the maximum equivalent stress. 

3. It was found to be more likely for a WEC to form at an inclusion 
that was not internally cracked (50% of catalogued inclusions), 
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Fig. 14. Variation of mean and max WEC length with MnS inclusion depth in (a) circumferentially sectioned specimens, and (b) axially sectioned specimens. 
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Fig. 15. Variation of mean and max WEC length with MnS inclusion orientation angle in (a) circumferentially sectioned specimens, and (b) axially sectioned specimens. 
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Fig. 16. Variation of mean and max WEC length with MnS inclusion length in (a) circumferentially sectioned specimens, and (b) axially sectioned specimens. 
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than one that was internally cracked (29% of catalogued 
inclusions). It was found to be more likely for a WEC to form at 
an inclusion that was not separated from the surrounding 
material (51% of catalogued inclusions), than one that was 
separated (28% of catalogued inclusion). 

. Neither internal cracking of inclusions nor separation of 
inclusions from the surrounding material occurred at inclu- 
sions deeper than ~420um from the raceway surface, 
although WECs were found at inclusions as deep as ~630 um. 

. Cracks propagating from inclusions tended to be longest when 
initiated by smaller inclusions of around the mean value of 8- 
16 um in length. When viewed in an axial cross-section, longer 
WECs were found to have initiated from inclusions that were 
closer to being parallel with the raceway surface, than those 
that were more steeply angled. In general, cracking was more 
extensive in the axial direction than circumferential direction, 
although damage propagated significantly in both directions. 
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